The epitactic nature of the growth of YBa2Cu306+J (YBCO) superconducting thin films on ceramic substrates has been studied using high-resolution electron microscopy (HREM) and selected-area diffraction (SAD) of cross-sectional specimens. The films were grown in situ on (OOl)-oriented MgO and (OOl)-oriented Y2O3-stabilized cubic ZrO2 (YSZ) single-crystal substrates by electron beam evaporation. Both of these materials have large lattice misfits with respect to YBCO. Different orientation relationships were observed for films grown on the two types of substrates. These orientation relationships are shown to provide the best matching of the oxygen sublattices across the substrate-film interfaces. A crystalline intermediate layer, 6 nm thick, between the YBCO film and YSZ substrate was observed by HREM and shown by EDS to be a Ba-enriched phase, possibly barium zirconate formed by a reaction. In contrast, the YBCO-MgO interface was found to be sharp and free of any intermediate layers.
I. INTRODUCTION
Superconducting thin films of YBa2Cu306+, (YBCO) have been successfully grown, now, using almost all of the conventional thin-film techniques including electron-beam evaporation,1"4 thermal evaporation,5 sputtering,6"8 and laser ablation.9"12 Typically, the films are deposited under vacuum onto heated substrates (T < 500 °C). Such asdeposited films are, in general, not superconducting and may even be amorphous. However, the superconducting phase can be obtained by an ex situ, high-temperature (800-900 °C) oxygen anneal. Recently, research has been focused on lowering the processing temperatures in order to minimize problems with cracking due to thermal stresses and reaction of the film with the substrate material that have been associated with degradation of the superconducting properties of the film. Using the electron-beam evaporation technique, Lathrop et al. showed that high quality superconducting thin films of YBCO can be grown in situ by depositing onto substrates heated to 600-700 °C and providing a source of oxygen to the film during deposition and cooling.3 Variations of this method have subsequently been developed and successfully applied to other thin film techniques. 4"7'12'13 As-deposited superconducting YBCO thin films have been grown using these low-temperature methods with Tc up to 91 K and Jc > 106 A/cm2 at 77 K with no magnetic field applied.12
The success of thin-film technologies over preparation by bulk sintering in achieving high critical-current densities has been attributed to the microstructural control and compositional purity, particularly at the grain boundaries, attainable with these techniques. In general, YBCO thin films have been found to be polycrystalline but they can exhibit large areas of highly oriented material. Such microstructures take advantage of the anisotropy of the superconducting properties of YBCO to provide a path for high current densities. Highly oriented films have been grown on a wide variety of single-crystal substrates. The most extensive results of the effects of the substrate on thin-film microstructure have been reported for YBCO films grown on SrTiO3 which has a "perovskite"-type structure and only a 0.5-2.1% lattice misfit with respect to YBCO. Films grown on (lOO)-oriented SrTiO3 are usually predominantly oriented with their c-axis normal to the substrate, while (HO)-oriented SrTiO3 gives predominantly (HO)-oriented YBCO (i.e., the c-axis is parallel to the substrate surface), suggesting that the growth is epitactic.14"18 While these results are encouraging, from a practical point of view, other substrate materials which often have high lattice misfits with respect to YBCO and quite different crystal structures (e.g., MgO, ZrO2, A12O3, Si) must also be considered. The question then arises, how does the substrate affect the microstructure of YBCO thin films and how can it be used to control it? In fact, microstructural control has been shown to be a complex proposition depending on deposition conditions, film composition, and choice of substrate. 1'7'19 This study addresses only the role of the substrate.
In addition to microstructural effects, the nature of the substrate can affect the composition of the film. Numerous studies of YBCO thin films have shown that interdiffusion or reaction can occur with almost all substrate materials including Si, A12O3, SrTiO3, ZrO2, and MgO (see, for example, Refs. 1, 16, [19] [20] [21] [22] . In some cases, the diffu-sion of small amounts of metal ions from the substrate material into the superconducting YBCO should not cause a catastrophic decrease in Tc.23 However, the depletion of elements from YBCO can leave behind nonsuperconducting material. For most substrate materials, Ba+2 ions diffuse most quickly to the substrate-film interface forming a Ba-enriched layer or second phase. Cu+2 ions also tend to diffuse toward the interface. The degree of interdiffusion varies strongly with substrate material and the maximum temperature to which the films are exposed. MgO and Y2O3-stabilized cubic ZrO2 (YSZ) seem to be two of the less reactive of the materials listed above.1'21'22 YSZ buffer layers are being studied as a way of limiting the problem of highly reactive substrates such as Si and A12O3 with success.24"26 The task, then, is to choose substrate materials which not only provide microstructural control but also exhibit limited reactivity with YBCO under the conditions of film preparation.
In this study, superconducting YBCO thin films were deposited onto single-crystal (OOl)-oriented MgO and (OOl)-oriented YSZ substrates by electron-beam evaporation and the substrate-film interfaces characterized by transmission electron microscopy (TEM). Both substrates have relatively large lattice misfits with respect to YBCO. Highresolution electron microscopy (HREM) and selected-area diffraction (SAD) have provided evidence of epitactic growth. In addition, a thin intermediate layer of a different composition has been observed at the YBCO-YSZ interface and has been characterized by energy dispersive x-ray spectroscopy (EDS).27
II. EXPERIMENTAL PROCEDURE
The method of depositing superconducting YBCO thin films by electron-beam co-evaporation of the metals Y, Ba, and Cu in an O2 atmosphere has been described in detail in a previous paper.3 During deposition, the substrates were held at temperatures of 600-700 °C. This was the maximum temperature to which the films were exposed since they were superconducting as-deposited and, hence, did not require additional ex situ oxygen annealing. By keeping this temperature relatively low, any reaction at the substrate-film interface should have been minimized.
The substrates used in this study were single-crystal MgO and YSZ (9.5% Y2O3). MgO substrates were prepared by cleaving which provides a (001) surface. YSZ, (OOl)-oriented substrates were prepared by cutting and mechanical polishing. No special cleaning procedures were used prior to deposition.
Cross-sectional TEM specimens which allowed examination of the substrate-film interface were prepared in the usual manner. Small pieces were cut from the substrate using a low-speed diamond saw. The film sides of two pieces were then glued together with Elmer's epoxy and allowed to dry overnight. Subsequent preparation involved mechanically polishing both sides of the cross section and dimpling from one side. Ethylene glycol was substituted for water as a lubricant during this preparation. The delicate specimens were mounted on copper washers for support. During ion milling (VCR Group Maxmill), the specimen stage was cooled to 77 K in order to minimize any damage to the film from the ion beam. In addition, alumina beam blockers were used to minimize preferential milling of the YBCO film. This specimen preparation technique usually produces some interfacial area which is thin enough for examination in the TEM.
Lattice images of the specimens were obtained with a JEM4000EX microscope operated at 400 kV. Chemical information was obtained by EDS using a VG STEM operated at 100 kV with a 1 nm probe diameter.
III. RESULTS
The superconducting transition temperatures for films on the MgO and YSZ substrates were measured by the four-point probe technique. The resistivity versus temperature curves are shown in Fig. 1 . Tc (onset) is the same, 86 K, in both films although the transition width is slightly wider for the film on MgO. The higher resistivity of this film compared to the film on YSZ at temperatures above Tc may be related to the presence of surface steps on the cleaved MgO substrates.
Although the YBCO film grown on (OOl)-oriented MgO was poly crystalline, large grains of YBCO exhibiting a particular orientation relationship with respect to the substrate were commonly observed. In addition, the interface was found to be "clean", i.e., free of second phases. This orientation relationship was found to be quite common for large grains of the YBCO. Like the film grown on MgO, the YBCO film grown on a (OOl)-oriented YSZ substrate was poly crystalline but contained large areas exhibiting a particular and recurring orientation relationship with the substrate. Figure 3 That is, the a-and b-axes of the YBCO are rotated -4 5°a way from alignment with the crystal axes of the YSZ in the plane of the interface.
Unlike the film grown on MgO, this specimen did not have a "clean" interface; rather, an intermediate layer between the YBCO and the YSZ substrate was observed. This layer is clearly visible in Fig. 3(a) as a band of lighter contrast which is ~6 nm wide and uniformly covers the interface. The lattice image in Fig. 3(d) recorded from another area of the same interface shows lattice fringes with a 0.3 nm spacing in the layer, indicating that it is crystalline and oriented with respect to the YSZ substrate. The small grains near the interface have a 0.54 nm fringe spacing and an apparent fourfold symmetry. This spacing is twice the spacing of the {110}YBCO planes. Computer simulations show that the symmetry and spacing are consistent with images of YBCO in a [001] projection, suggesting that these small grains may be YBCO oriented with the c-axis parallel to the interface. Alternatively, the grains may be a fourth phase different from the substrate, film, or intermediate layer. Unlike the intermediate layer, these small grains were not uniformly distributed along the interface; rather, they were observed as a cluster in one area of the interface. EDS linescans were taken across an area of the interface that did not contain any small grains. Figure  3(e) shows scans of the Cu(K), Ba(L), and Zr(K) characteristic x-ray lines. The data show a 0.6 nm thick layer at the interface which is enriched in Ba and depleted in Cu; Y and Zr are also major components of the layer. The composition of the layer was determined using the Cliff-Lorimer ratio technique to be 21.9 Y: 44.6 Ba: 9.2 Cu: 24.0 Zr in atomic percentages of the metal ions. A recent study of composites of YBCO and YSZ and thick films of YBCO on YSZ28 has shown that these materials react at 950 °C to form BaZrO3, CuO, Y2Cu2O5, and possibly Y2BaCu05.28 Although the intermediate layer in this study has not been positively identified, these data suggest that it is a partially substituted barium zirconate phase. The measured composition and lattice spacing are consistent with this hypothesis. Further studies are being performed to identify both the reaction layer and the small grains near the interface. It should be noted that the strong orientational relationship between the YBCO film and the YSZ substrate exists in spite of the presence of the intervening layer.
IV. DISCUSSION

A. Epitaxy
It has been shown by SAD that the YBCO films tended to adopt different orientation relationships over large areas depending on whether they were grown on (001)-oriented MgO or (OOl)-oriented YSZ. A simple explanation for this condition can be made based on crystallographic considerations. The structures of MgO, YSZ, and YBCO29 are shown in Fig. 4 . MgO has the "rock salt"-type structure in which oxygen anions lie on a face-centered cubic sublattice. YSZ has the "fluorite"-type structure with oxygen anions on a simple cubic sublattice. Since the YBCO film was oriented with its c-axis normal to the substrate in both cases, the atomic arrangements of the {001} planes of each of the three structures are also shown. Notice that for YBCO, four types of {001} planes, in terms of atomic arrangement, exist. A comparison shows that plane (3) of the YBCO structure, i.e., the Cu-0 plane adjacent to the Y plane, provides the best match with the {001} planes of both MgO and YSZ and, therefore, the best continuity of the oxygen sublattice across the interface.
In the case of a YBCO film growing on an (001)-oriented MgO substrate, then, it is expected that growth will begin on a type (3) plane of the YBCO structure. The YBCO is expected to orient itself preferentially with its crystal axes (aYBC0, bYBC0) parallel to the crystal axes of the MgO with CYSCO normal to the MgO surface in order to provide matching of the oxygen sublattices. 
begin with a type (3) plane. However, in order to achieve matching of the oxygen sublattices, the YBCO must be oriented with [110JYBCO parallel to [100]YSZ in the plane of the interface with CYBCO normal to the interface. Both substrate materials have large lattice misfits with respect to YBCO. Based on the oxygen spacings shown in Fig. 4 , the misfits are 8.8% for MgO and -6 . 0 % for YSZ. These values indicate a tensile strain in the film on MgO and a compressive strain in the film on YSZ due to lattice misfit during growth. Also, since the YBCO is orthorhombic, while the substrates have cubic structures, a shear strain may be introduced into the film.
Based on the growth mechanism proposed above, it can be postulated that the formation of certain defects, such as 90° boundaries and stacking faults, are a natural consequence of the growth process. Figure 5(a) illustrates how a stacking fault with (Vi)c translation vector could be formed in the YBCO film. Such a stacking fault, or "outof-phase" boundary, was observed in the film grown on MgO and is shown in Fig. 5(b) . This type of defect has been observed previously in thin films in which the CYBCO axis lay in the plane of the film30 and in bulk specimens. 31'32 Thus, these defects are not unique to thin films but their formation may be promoted by the mechanism of the thinfilm growth process.
The models proposed here are simple and are not meant to be a comprehensive explanation of the role that the substrate plays in the microstructural development of YBCO thin films. The films are somewhat polycrystalline, and special orientation relationships other than the ones reported in this study have been observed and will be discussed in detail elsewhere. 2'33'34 Some of these may also provide good lattice matching between the substrate and the film. The morphology of the substrate surface (e.g., surface steps and surface reconstructions) will also affect the microstructure of the film; this factor has not yet been considered. Nevertheless, the results presented here do suggest that even substrate materials with large lattice misfits with respect to YBCO and dissimilar crystal structures can result in epitactic growth and, hence, highly oriented microstructures.
B. Intermediate layer
YSZ has been shown to be one of the least reactive of the ceramic materials being used as substrates for YBCO films.1'22 Nevertheless, some interdiffusion or reaction usually occurs during normal thin-film processing conditions. Studies of YBCO-YSZ powder mixtures,28 YBCO thick films on polycrystalline YSZ,28 and YBCO thin films on single-crystal YSZ1'22 have shown that the reaction proceeds by the diffusion of Ba+2 into the YSZ to form a Baenriched layer, BaZrO3,28 leaving behind Cu-and Y-rich second phases (CuO, Y2Cu2O5, Y2BaCu05) . In all of these studies, the samples were annealed at temperatures higher than 900 °C. In the present study, the maximum temperature to which the samples were exposed was much lower, 600-700 °C. The Ba-enriched layer observed was correspondingly much thinner, only 0.6 nm thick, than those observed by other investigators. 22'28 As pointed out by Cima et al. , 28 processing at temperatures below 890 °C avoids the region of partial melting found in the CuO region of the Y2O3-BaO-CuO phase diagram,35 which might be a factor that increases the reaction kinetics at the higher temperatures.
The Tc (onset) of 86 K of the YBCO film grown on YSZ is lower than the Tcs (>90 K) typically reported for bulk superconducting material. This is a common observation for YBCO superconducting thin films. The formation of secondary, nonsuperconducting phases is, of itself, not expected to decrease the Tc (onset) of the remaining stoichiometric YBCO. However, slight changes in the YBCO stoichiometry or outdiffusion of Zr+4 into the YBCO structure could account for the slight suppression of Tc observed here, assuming that the effect of Zr+4 is similar to that of Sr+2.23 Preliminary EDS analysis showed some Zr present in the YBCO away from the intermediate layer. However, the possibility that this Zr signal was due to substrate material sputtered onto the film during ion milling cannot, as yet, be ruled out. Substitution of Mg+2 into the YBCO structure is expected to have a much more detrimental effect on Tc than Zr+4.23 The comparable Tc (onset) of the film grown on MgO with the film grown on YSZ suggests that little interdiffusion has occurred between the YBCO and MgO substrate.
Finally, the possibility that the Ba-enriched intermediate layer is not a reaction layer but was formed as an initial layer during deposition cannot, as yet, be ruled out. It is important to note, however, that, prior to depositing a film, the substrates are isolated from the sources by a shutter. Only after the required deposition rates are reached and equilibrated for the three metal sources is the shutter opened. This precaution and the absence of any intermediate layer in the YBCO on the MgO sample suggests that the intermediate layer is not due to a transient in the deposition process. In addition, the possibility that the intermediate layer was formed due to differential ion thinning of the substrate and film can be eliminated because of the uniformity of the layer independent of the sample thickness. 
V. SUMMARY
Thin films of YBCO which were superconducting in the as-deposited state have been grown on (OOl)-oriented MgO and YSZ substrates at relatively low temperatures by electron-beam co-evaporation of the metals. SAD of crosssection TEM samples revealed that large areas of both films had simple orientation relationships with respect to the substrates. A simple model was presented to show that these orientation relationships provide good matching between the oxygen sublattices of the YBCO and the substrate materials, indicating that film growth can be epitactic even in these large misfit systems. The presence of stacking faults in the YBCO films can also be explained as a natural result of this model of the growth process. In the case of MgO substrates, the substrate-film interface was found to be clean (i.e., contained no second phases), while in the case of the YSZ substrates a crystalline intermediate layer -0 . 6 nm thick was found to uniformly cover the interface.
EDS showed this layer to be Ba-enriched, and to be, most likely, a partially substituted barium zirconate phase.
Because of the complexity of the deposition process, no single study can provide a comprehensive understanding of the factors controlling the microstructural development of YBCO thin films. This study is thus intended to indicate the importance of substrate perfection and orientation in determining the film's microstructure. Studies are necessary to determine fully how control of the structure and orientation of the substrate, and possibly its preparation, may be used to improve the quality of superconducting thin films.
